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CHAPTER 1

INTRODUCTION AND SUMMARY

by

B.C. Lindley

1.1 GENERAL

This Final Technical Summary Report covers the final stage of the IRD
progreame on MPD power generation with part support from the Advanced Research
Projects Agency. The cbjectives aund achievements in this energy conversion
programme have besn detailed in previous Technical Summary Reports?4’*%; a
bibliography of the main technical reports and publications by IRD staff on MPD

power generation is given at the end of this chapter.
1.2 MPD CLOSED-CYCLE LOOP

The MPD closed=-loop facility has demonstrated reliable operation during this
further four-month period, resulting in a substantial amount of data with cesium-
sesding, Much of the operation with power extraction has been at duot static gas
temperatures in the region of 1500°K.  Measured plasma electrical conductivities
of about 1 mho/m are in excess of the calculated values based on thermal equilibrium
ionization*®, Several watts power have besn available and there are reasons to
expect a considerable improvement on this level. For example, cesium seeding
fractions have been less than 0.1 atomic per cent (well below the optimum),
electrically-conducting layers have been present in the MPD duct, the eleotrode
configuration has not been optimum and the magnetic field has been restriocted to 1T.

The main unsolved technical problems in the loop (and which are important in
large-scale concepts) are related to the electrically-conducting layer which develops
on the generator duct walls and to efficient removal of cesium from the helium
downstream of the generator. However, considerable progress hes been made towards
effective solutions of both these problems.

A continuing programme of research on the IRD closed-loop facility is required
to provide a full range of data. It is believed that the current development of
an extosrnally-heated MPD duct section will, by permitting isothermal operation, go
far towards elimineting thermal boundary layers anrd associated effects on plasma
behaviour. Flow boundary luyer effects remain significant and a facility permitting
much larger cross-section duots will undoubtedly be required. Ideelly, such a
project would be initiated in 1965, by which tiz» much more basic data will be
available,

1.1
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1.3  PLASMA PHYSICS

The most significant advances in the plasma physics programme were achieved
on the micriwave cavity and atomic beam experiments. The microwave transmission
sexperiment yielded a zet of measuraments of electron concentration as & function
of temperature for a cesium-helium mixture but ran into further metallurgical and
mechanical difficulties which are currently being corrected. No further results
have boen obtained on the electrical conductivity experiments described in the
last report (IRD 64~39, bibliography number 45), effort having been transferred
to the other experiments.
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CHAPTER 2

LOOP OPERATION

by

R. Brom, W.J. Sla’or, V. Brown, K., Cass, J. Davidson and G. Johnson

2,4 IRTRODUCTION

A flow diagram of the pressnt loop is shown in Fig. 2.1. Basic design
details, manufacture and test of the individual loop components have been dezoribed
in an earlier Technical Summary Report (IRD 63-1). Further description of the
main aspects of loop development, the details of 33 high temperature runs with
helium alone and 20 cesium-seeded power generation runs is given in Teohnical
Sumnary Report IRD 64=3€ .

During the 20 cesiwm-s2eded runs in March 1964 the efficiency of cesiu. removal
from the helium flow was low (<2 per cent). Cons  usntly, it was necers.sry to
oompletely strip the olosed loop cirouit using oxidation and aloohol dissolition
techniques. Approximately one-third (170 gm) of the tasium “hroughput was located
in the precooler outlet, the remainder bsing dispersed in the lubricating oil of
the halium oirculator. No deterioration of any components due to the presence of
cesium was apparent. The olosed loop facility was re-assembled with modifications
and additions. Three runs (RHT 33, 34 <nd 35) were then undertaken.

2.2 MODIFICATIONS AND RE-ASSEMBLY

2.2.1 Helium circulator

The opportunity was taken before re-assembly of the circulator to reduce the
end float of the rotor from 0,037 in. to 0,015 in. to minimize internal end leakage
and improve the pressure ratio across the circulator. The reduction was aohieved
by machine grinding across one of the large end faces, reducing its overall thickness
to give the required rotor float.

Later figures for circulator performance indicate that a further reduotior in
rotor float will be neocessary for optimum efficiency of the umit. On re-assembly
the circulator was checked and found to be leak=-tight (<10"3u1/sec) under static
and dynamic conditions.

241



2.2.,2 0il filtration

The activated charceoal oil filtration unit was fourd te be contaminated with tracas
of cesium compounds. The filter units were rsplaced and vacuum-outgossed at 300°C.

2.2.3 High temperaturs helium heater

_The high temperaturz .Lieater with element and inner radiation shields of fine-
grained graphite was the subject of intensive development over the period from February
1563 to March 1964. Major development problems were associated with the electrical
power connection to the top (hot) end of the electrical resistance element. The final
form of the heater components used successafully during the power generation runs in
March 1€ (RHT 32) is shown in Fig. 2.2. The high temperature heater system was
completely stripped down after RHT 32, No deterioration of any component was evident
and the heater was re-assembled and vacuum—outgassed to a oentral core temperaturs of
220000. Up to the present time the heater performaice has continued to be satisfactory,
approximately 100 hr of high temperature vacuum-outgassing and 60 hr high temperature
operation with helium flow having been achieved without further dissembly of the
heater system. The heater is in a highly active state when operable, readily
absorbing gaseous impurities; during pcriols when the loop is closed down or under
modification the high teuperature heater is arranged to be pressurized, to a little
above atmospheric, with high-purity helium.

2.2.4 Cesium injection

To sllow seeded operation of the loop in March 1964 an extremely simple cesium
injection system was devised and operated. A variable and metered supply of pure
helium displaced a constant cesium feed from a storaga tank to the loop through a
hypodermic needle, A more robust, reliable microfeed mechanical piston displacemert
system has since been developed (Chapter 4). Preliminary tests were carried out with
a facility capable of containing and injecting 1 kgm cesium and from this a smail
capacity (50 cm®) cesium displacement cyclinder was developed (Fig. L4.1) employing &
cesium reservoir neacsr tank allowing for rapid refilling of the cylinder, Up to the
present time the efficienoy of cesium removal from the helium flow has not bsen better
than 12 per cent. Cumulative contamination of circulator oil from cesium omrry over
allows a maximum of 20 seeded runs of up to 15 sec duration at up to 1 gm/sec cesium
flow (a total cesium throughput of about 300 gm) to be carried out during ary one high
temperature run, and the small-capacity injection system is aderuate., The system was
chemically cleaned, charged with cesium, calibrated and attached to locp in preparation
for RHT 33.

A by-pass with 6 in. vacuum valves was arranged between the heat-exchanger outlet
and pre-cooler inlet, allowing for the introduction and isolation of various cesium
rzmoval systems. Initially a single stage cyclone separator arnd an electrostatic
precipitator unit were fitted (Chapter L).

2,2




2,2.5 Genarator duct

To ~omplete the re-assembly of the ' p and allow for high tempera*ure clean-
up with helium flow, a temporary gensrator duct system was fitted (Fig. 2.3),
comprising two stainless steel (18/8) side walls plasma-spray-coated with alumina,
high density recrystallized alumina top and bottom walls with 3 tantalum 0.5 in. x
0.5 in. flush slectrode pairs and 9 alumina spray=-coated tantalum pin pairs. The
aystem was arranged for investigation of the characteristics of the generator in a
subsonic mode; the pin pairs were arranged to extend by different amounts into the
ges stream to indicate plasma properties in the core of the flow.

2.3 RET 33

When major modifications have been made (in particular to the high temperature
graphite heater) it is necessary to operate the loop with high temperature gas flow
to transport and clean up particulate and gaseous impurities. The main objective
of RHT 33 was to ensure that the loop was again reliably operable througiout a high
temperature cycle, aid to ensure cleanlineas in preparation for the power generation
experiment with the 16 electrode pair boron nitride duct system (RHT 35).

With the generator duct fitted the loop was completed; mass spectrometer and
pressure rise techniques showed overall leakage to be less than ~107%u1/sec, The
loop was checked out and charged to 1 ata with helium. Cold circulation was carried
out for approximately 30 min urtil the O, and K; impurity lr els in the helium were
<5 ppm (Fig. 2.4). Power was applied to the high temperatire heater, reaching thermal
equilibrium at 1770°K (noszzle inlet indicated helium temperature) afte~ 8 hr. The
rate of helium temperature rise cver this period wes controlled to restrict the level
of desorbed hydrogen to <50 ppm. Eleoctrical resistance measurements taken between
electrodes, pins and earth throughout the temperature rise indicated a declining
generator duct surface resistance (from >1 Mohm st 300°K to <100 ohm at 1770°K),

From this it was concluded that electrically-conducting surface laysrs were depositing
on the generator duct inner surfaces. At this steady temperature condition several
cesium seeded runs were carried out, injecting between 0.1 and 0.5 atomic percent
cesium for periods up to 15 sec. Although the cesium injection was successful, very
low powers were extracted with magnetic fields of up to 1T {less than 1V indicated
and total current of ~10 mA) and over successive runs with time intervals of
approximately 15 min the generator performance continued to deteriorate, The
generator system was similar to that used during the cesium-seeded runs (RHT 32):

with the singificant reduction in generator performance it was decided that theoretical
interpretation of results from RHT 33 would be impossible and injection of cesium

was discontinued.

2.5
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During the hese 2g cycle the observed pressures along the generator indicated
a restriction to flow which increased with increasing temperature to reduce the
helium mass flow from 9 gm/sec at 800°K to 4.8 gm/sec at 1??0°K‘

After 2 hr at 1770°K the interelectrode leakage resistance, although extremely
low, appeared to atabilize; it was concluded that the gas flow was clean and power

was reduced and the circulation discontinued.

The high temperature transfer section and generator case were removed from
the loop, using helium blow=-of f techniques, the remaining sections of the loop and
the high temperature helium heater being isolated under helium pressure.

Inspection of the generator section showed that electricaily-conducting
layers had deposited on the wall inner surfaces. Indicated resistances were less
than 4 ohm/cm across the interelectrode spaces. Bowing of the stainless steel
side walls had occurred {(Fig. 2.5); the more serious effect, which must have occurred
at high temperature, would explain the secondary nozzle effect noticed during RHT 33.

2.4 RHT Ji

A new high temperature tantalum (0,02 in, thick) transfer section and cesium
vaporizer, boron nitride nozzle and 16 (W10%/Ta 90%) strip electrode boron nitride
generator duct were assembled (Section 5 and Figs. 5.1, 5.2 &, 5.2 b, and 5.3) and
fitted into the loop. The objective of RHT 34 was to determine whether a high
temperature thermal cycle with helium flow to a temperature leveli lower than that
of RHT 33 could be carried out without deterioration of the electrical resistivity
of the duct inner wall.

The loop was evacuated and recharged with helium. Cold ¢irculation was
maintained until gaseous impurities were <5 ppm (Fig. 2.6). Power was applied to
the high temperature heater and rapid heating of the helium flow was achieve. without
measursment of significant desorbed gaseous impurities (nozzle inlet temperature
>1550°K in 45 min). During the temperature rise the interelectrcde resistances
and electrode leakage resistances to earth remained similar to those expected for
boron nitride. The 1550°K nozzle inlet temperature was maintained for a further
30 min without a significant change in duct electrical resistance characteriatics.
Fig. 2.7 shows the axial distribution along the generator pairs at 1400°K (nozzle
inlet temperature). The internal surfaces of the tantalum nigh temperature
transfer section viewed axially through the high temperature heater outlet window
remained highly polished.

The power on the heater was reduced in stages to zero and the loop circulation
stopped. Throughout the cooling cycle the generator duct wall resistances recovered
to their original values. The loop was closed down under a positive pressure of
helium.

2.4
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2.5 RHT 3%

The objectives and tne theoretical appreciation of results for RHT 35 are
discussed in detail in Chapter 3. The loop was unchanged Jrom RHT 34, Cold
oirculation was carried ¢ : to reduce gaseous inpurities to < 5 ppm (Pig. 2.8).
During a period of approximately 15 hr cesium-seeded power generation experiments
were carried out at three steady temperature levels. At the two lower levsls
(approximately 1310°K and 1690°K indicated nozzle inlet temperature) the visual
appearance of the high temperature transfer section and the electrical resistance
measurements along the generator indicated clean conditions. At the highest
temperature level (~4900°K) the inner walls of tha tantalum transfer section became
dull and apparently coated, the effect being coincidental with a declining
interelectrode and earth leakage resistance along the generator., Generator
performance during seeded operation progressively deteriorated and, as it was
apparent that further results would be difficult to analyse seeded operation was
discontinued and the loop cooled and closed down under helium pressure.

2.5
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CHAPTER

POWER GENERATION EXPERIMENI'S

by

I.R.¥cNeb, R.Brewn, V. Brown, K. Cass, J.Davidson and G.Johnson

3.1 INTRODUCTION

A detailed description of the IRD MPD generstor has been given'"*, On

14 July 1964 a series of power generation experiments with cesium seeding of the
helium was undertaken. This series differed from the previously reporced seeded

runs?’**

mainly in the generator and nozzle configuration and materialas. To rsduce
end current leakage at the inlet to and exit from the zenarator channel, the tantalum
nozzle previously emplcyed was replaced by a boron nitride nozzle, the exit region

of the generator was lengthened by about 2 in. and the interior of the first part

of the diffuser plasma spray-coated with alumina. The generator duct, with
dimensions of 7§ in. x 1% in. x & in., was constructed from boron nitride. Sixteen
pairs of narrow (1/16 in. x ; in.) tantalum-tungsten alloy electrodes were used in
place of the five pairs of square (¥ in. x X in.) electrodes used in the first seeded
run®®4; the gap between the electrodes was large (as with the square electrodes) to
reduce the possibility of insuletor and boundary layer electrical breakdown. In
addition to the slectrodes, five pairs of 1/16 in. diameter tantalum pins were used
to monitor open circuit voltages, two pairs being in the nozzle (before and after

the throat) and three pairs in the generator exit region., Four pressure stations
and three thermocouples were also placed in the channel wall; Fig. 3.1 showsa the

relative positions of these instruments.

3.2 FLOW PROPERTIES

During operation of ths lsop, two of the channel thermocouples failed. The
temperature recorded {continuously) by the remaining channel thermocouple, together
with that at the nozzle inlet, is shown in Fig. 3.2. Also shown are the pyrometer

measured heater element temperatures.

The pressures observed at the f'our stations in the channel and at the nozzle

inlet are shown in Table 3.1 in atmospheres absolute; also shown is the pressure ratic

acroes the nozzle found from the nozzle inlet and f'irst channel pressure station

measurements. To cbtailn sonic velocity across a nozzle the ratio of inlet stagnation

pressure to sonic pressure:




/§ =1

s

G (¥+1)

?t

= 2,05 (for helium)

pust ve exceeded. Table 3.1 also shows the corrected helium mass flow in the loop.
From the quasi one¢ dimensional equations of continuity snd state, the flow velocity
may be found:
U=042.4nn ?/p
where m is the kgm/sec, T in °K amd P in ata; the Mach number is then obtained from
¥? = 2.19 107 v3/T.
The velocity and Mach number in the channel obtained by this procedure are shown in

Table 3.1. The calculated Mach rumver is always subsonic, contrary to the behavicur

expected from thu observed pressure ratio across the nozzle.

3.3 ELECTRICAL PROPERT1ES

The cesium injection circuit was constructed to give a seeding rate cf about
0.2 atomic percent: this rate, which is about one-tenth optimum, is necessitat=d by
the low capacity of the present evaporator. In practice, while cesium was injected
for only a short time (maximum 15 sec) the observed voltages in the channel lasted
nuch longer, decaying only slowly to zero; in many cases measurable voltages were
apparent several minut( after seeding stopped. In some cases, after the main
seeding effects had decayed, large and apparently random voltage pulses were observed
probably indicating that cesium was trapped in the injection system. Fig. 3.3 shows
average open circuit voltages on pins 1,2,19 and 20 for the first few seconds of
run 2; the average voltages vary considerably. Table 3.2 shows the voltages
measured in the decay period following the main cesium flow (for several runs) together
with the nominal cesium injection time and that actually observed. In visw of the
slow decay of voltage the observed seeding period is "iot well defined; however.
congiderably dilution of the seed occurs, generally by a factor of about two. Pin
2 consiastently shows much higher voltages than pin 1, reflecting the higher flow
velocity at nozzle exit. In several cases pin 2 shows step variations suggesting
that the observed voltage is influenced by the different louds (and hence different

currents) being switched on to the chamnel electrodes.

In run 10 , when no magnetic field was applied, pin 2 registered a peak of
4 volts. This could occur if a residual magnetic field existed in the magnet, if

the two pins were at different temperatures, or if they had different cesium coverage:.

The open circuit voltage varies considerably down the channal. Fig. 3.4
illustrates this for runs 5, 10B and 11; the voltage falls appreciably down the
channel, a particularly sharp drop being between electrode pairs 12 and 13. It is




i1ikely that the change in voltage cccurs as the gas velocity decreases; however, as

gas temperature was measured at only one peint in the channel this cannot be verified.

At low open circuit voltages, reverse voltages were occasionally observed, as
illustrated in Fig. 3.5: this could arise if end currest leakage occurrea (see
Fig. 25 McNab and Coopers) but the observed voltages are so smsll that this is not

certain.

The magnet coil currents for each run are given in Table 3.3; Fig, 3.6 shows
the calibration curve for the magnet. This curve is obtained in the absence of the
nozzle and generator channel assembly and thersfore with a cold {or self-heated)
magnet. When the MPD loop is operating the magnet core is considerably heated by
radiation from the hot regicns; no thermocouples were attached to the magnet during
this run so that the extent of the heating is not known. An increase in the
operating temperature of 200°C will decrease the magnetic field by about 5 percent
(Bozorth®).

To obtain the electrical conductivity of the plasma in the ~hannel on seeding,
each of the sixteen electrode pairs was switched on to five load resistors (18, 68,
280, 1000, 4700 ohm) and open circuit in rapid sequence and the resulting voltage
displayed on & 24 channel u,v. recorder trace. This sequence takes about 1% sec
and can be repeated continucusly., From the deflecticns on the u.v. traces the
voltages and currents for each load may be obtained and voltage-current characteristics
constructed. The slope of these curves gives the conductivity of the plasma when
the electrode area and path length are known. While this procedure is tedious and
subject to some error due to ‘hash’ and overlapping of the traces, it enables a large
amount of data to be obtained for a short cesium injection time. In addition a four

channel u.v. recorder displays the open circuit voltage on pins 1, 2, 19 and 20.

Table 3.4 compares measured cpen circuit voltages with the product UBd. In
all cases the measured voltage is less than UBd, the maximum ratio Vmeas/UBd being
0.60. Conducting deposits on the inner channel surfaces may be responsible, although
thess apparently only become significant at higher temperatures, as in run 13. In
runs 6, 7 and 8 the measured open circuit voltage exhibits a saturation effect with
magnetic field similar to that found previously (Lindley et al?®).

Table 3.3 shows electirical conductivities calculated from the voltage~current
curves. In many cases the voltage-current curves exhibit behaviour which is not
interpretable; in these cases the best linear fit is employed. The slope of the
voltage-current is the internal resistance (r) of the plasma, which is related to the
conductivity by o = L/rA = 475/r mho/m where r is in ohm, L is the distance between
the electrodes (1.5 in,) and A the electrode area. Assuming that the whole channel
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volume c¢arries current, A is the channel width (I 1n.) multiplied by the electrode
pitch (¥ in.). This assumption yields the most peasimistic value of conductivity;
the assumption may be tested by examining the conductivities on each side of an
unloaded electrode. Table 3.3 shows that these conductiviiies are not appreciably
higher than the channel averags, indicating that the whole volume is not carrying
current, The true conductivities therefcore lie between the values given in Table
3.3 and values four times larger. Fig. 3.7 compares the average channel conductivities
with thermal equilibrium values in the same temperature renge., A seeding fraction
of U.1 atomic percent was used in calculating the egquilibrium values and the two
curves are for the appropriate channel inlet pressures (the lowest messured in the
channel). The observed conductivities are up to fifty times larger than equilibrium
at the gas temperature, To account for these valuzs merely by incorrect temperature

measurement would require, in the highest cases, errors of at least BOOOC; this is
unlikely.

In several cases the voltage-current curves were as shown in #ig. 3.8, 1In
these cases the lowest voltage points are probably in error owing to the difficulty
of measuring small voltages on the u.v. trace. For a low load resistor a small
uncurtainty in voltage measurement causes a large error in the derived current value.
If the curves are correci some form of current limitation appears to be occurring.
Well defined concave voltage-current curves were also observed in several cases. If
these are correct they irndicate electron temperature elevaticn, aithough the same

comments concerning thie measurement of low voltages apply.

The expression given by Hurwitz et al’ for the ratio of electron to gas
temperature in a segmented-electrode generator with magnetically-induced ionization
is

xi2u2g 2
T, r{1-K) -

T SR

where K is the loading factor, ¥ the ratio of specific heats, ¥ the Mach number and
ﬁe and.ﬁi the Hall parameters for eiectrons and icns. Neglecting ion slip and
assuming a low seeding fraction, so that the electronic collision frequency depends
only on electron-helium atom collisions (qe_He = 6.1<10°2°0? as in McNab®) soiution
of the resultant quadratic equation yields

T - 1
e .3 (1-g)2wemr 17
= = 0.5 + 0.5 [1 + 8.86x1073 7 J

For run 3b (electrode 8) a concave voltage-current curve was observed. Fitting the
results to the above equation (assuming that the observed conductivities correspond

to elevated alectron temperatures given by Saha's equation) vslues of the inelastic

s




collision factor (&) were found. For the three load resistors, 4700, 1000 ana

280 ohms, the values of § were 8,45, 15.2 and 25,5, As the load resistance decreases
the current flowing through the plasma increases; {or thsrge threes cases the ratios

6/1 were 02, 3.88 and 3.96 wA”™' , possibly indicating that as the current density

increases, increased amounts of impurities enter the plasma.

In view of the uncertainty in the voltage-current curves at low voltages

no attempt has been made to analyse these results in greater detail.
3.4  DISCUSSION

Temperatures measured by thermoccuples embedded in the channel wall are in
error through conduction along the leads. While these errors can in nrinciple be
calculated; in practice this is difficult unless the complete environment temperatures
are known; this was not the case for this run. In addition gas flow calculations
are required to relate the wall temperature to the midstream static ga=s temperature.
Introduction ~f thermocouples into the gas stream has been dismissed in view of the

attempts to =chieve supersonic flow.

Attempts vere made to estimate the generator channel wall temperature profile
by measuring the change in resistance of the individual electrode strips. This
procedure was carried out at five different temperatures (as recorded by .he single
operating thermocouple in the channel’ during the operation., Assuming that the
resistivity of the electrodes follows the law p = & + BT the difference between the
measure? 'hot' and 'cold' resistances gives a direct measure of the wall tsmperature.
Fig. 3.9 shows this difference down the channel for two temperatures. The general
tendency is for the temperature to fall along the channel, although the effects of
conduntion along the electrode leads may vary down the channel. Fig. 3.10 shows
the average resistance difference against thermocouple measured temperature for five
different times. The accuracy of these measurements is in grave doubt following

the discavery of seoveral cracked electrodes on disssmbly of the channel.

Pressure measurements in the channel (Table 3.1) indicate & rise in pressure
for the first three stations followed by a fall for the last stetion. In addition,
the sharp drop in open circuit voltage between electrodes 42 and 13 (Fig. 3.4)
occurs at the same puint in the channel, and,although a pressure ratio across the
nozzle of more than £.05 was achieved, supersonic Mach numbers were never found.
This behaviour could be consistent with supersonic flow where shock occurred betwsen
the third and fourth pressure station. However, Table 3.1 shows that similar
pressure profiles exist when the flow is far from supersonic, for example with a
pressure ratio of 1.22, and the existence of cracked electrodes could account for

the sharp drop observed ' 1 open circuit voltage.
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Purther experiments are required to clarify the situation. The genersal
discrepancies between predicted and observed fles properties undoubtedly follow
from (amongst othar factors) the operation of a nozzle with a pressure ratie mors
than seven times smaller than the design wvalue. The attairnment (f only a low
pressure ratio across the rozzle folle~s from the inefficiency of the comprassor
and the higher—than-anticipated presavre losses in the loosp components., Under
these circumstances the nozzle design pressure ratio should be matched to that
achievable in the loop and consequently the following nozzle is now (17 August

1964 ) in place in the loop

inlet temperaturse 1&5000
inlet pressure 0.73 ata
pressure ratio 2.40
throat ares 2.272 em?
exit velocity 2288 m/sec
exit temperature 95000

exit Mach number 1.13

The throat ares above is 31% greater than that for the nozzle used here and the
nozzle has been constructed merely by removing material from the present nozzle
throat. The atcve conditions are evaluated for pure helium; the addition of cesium
will affect the flow because of dissociation, but provided the sesd concentration is

low, this is net significant.

A further cemplicating effect exists in the present gecmetry because of the
c¢lose proximity of the nozzle to the generator channel. Since the magnetic field
does not cut-off sharply, flow through the nozzle may be affected by eddy currents.
The simplest way to overcome this is to increase the channel length, restricting

the magnetic field to the central region.

Leakage resistances were measured throughout the run and values are shown in
Fig. 3.11 for electrode pair 10. The resistance decreases as temperature increases,
as expected; it is only at the higiest temperature that the leakage resistance
becomes comparsble with the highest load resistance. On dismantling the loop after
operation & black conducting depcsit, similar to that found in the run during March?®,
was found on the inside wallis of the nozzle and channel. This conducting leyer,
together with the cracked elecirodes p.eviously mentioned, cou’d be responcible for
several anomalous effects, including the low open circuit voltages, che slarp open
circuit voltage drop between slectrodes 12 and 13 and the low and sidely varying
voltages observed in runs 13, 14 end 15. EBxcept in isolated circumstances it is

imposaible to interpret these last results owing To the considerable voltags variation




on each resistance value. There is no pronounced upward or downward trend in the
observed electrical conductivities along the chanuel {Table 3.3). Conseguently,
remembering the relatively low {low velocity and anomaioux flow behaviour, it is
unlikely that frozen flow occurred during the nezzle expanslon. Any higher-than-
equilibrium conductivities therefore indicate magnetically induced extra-~thormal

ionization.

The maximum electrode current observed during the run was about 15 mA,
although extrapolated short circuit currents sre higher, For the electrode area
(2 x 10™% m?) this yields a current density of 750 A/m?. This is far higher than
the thermionic current density cobtainable from pure tantalum but less than that
from pure cesium; Fig. 3.12 shows wvalues calculated from the Richardson-Dushman
equation snd three exreriuental values. Unless arc spots are occurring, the
electrodes must have a partial cesium coverage which, if power iz to be provided
continuously, must be continuously replenished, Different coverage factors could

account for the variation in power output and conductivities along the channel.
3«5  CONCLUSIONS

Many conplicated and interrelated factors, including flew, material and
electrical effects, are at present combining to make interpretation of results
from seeded runs a complex problem. Nevcrtheless, accounting all probable errors,
electrical conductivity values higher than for thermal equilibrium ionization appear
to have been observed in a segmented-elsctrode generator. Further experiments to

clarify *hese ohbservations are planned.
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TABLE

MEASURED AND CALCULATED OPEN CIRCUIT VOITAGES

Run | Time | U, . | UB4, enn j’_zggg_s
No. m/sed | ' |volts| volts |[UBd
1 11545 - [1.0 - - -
2 119.27 1365 |1.02 |53.0 | 7.3 |0.14
3 120.75 11365 |1.01 [52.5 | 24 0.46
b [20,40 11315 [1,03 |51.6 | 24 Ou6
5 (2045 [1315 11.03 | 5146 | 23.h |05
6 |21.07 T1515 1.03 | 51.6 | 25.2 [0.49 '
7 12142 [1315 | 0,92 [ 46,1 | 23.6 | 0.5
8 121,17 1315 | 0.62 | 34.5 | 18 0.52
9 |21.22 11315 0.4 |22.0 - -
10B | 22.47 [1542 [1.04 |61.8 | 36,9 |0.60
11 | 22,58 (1542 [1.02 |60.0 | 35.5 |0.59
12 | 00.15 {1542 |1.03 [60.6 - -
13 100,22 [1730 |1.03 [62.9 | 5 0.08 !
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CHAPTER &

CESIUM INJECTION AND RECOVERY

by

R.Brown, T.Archbold, and A.Sands

4ot QPERATING FROBLEMS

The ultimute objective for tre MPD « aeced-1nnn is to continuously supply
and meter cesium vapour to the high temperature heliu- flow, and to attain the
same temperature as the helium by superheating the cesium vapcur before injection
or through efficient mixing of the helium~cesium after injection. To date,
operation of the loop with cesium seed has clearly dem: -trated the inefficiency

of the present vapo~izing and recovery techniques.

It has been established that during injection a cioud of cesium droplets
form in the diffuser-heat exchanger region. In recent operation the cloud density
and duratiocn has been monitored at the heat exchanger outlet station, where two
opposite windows are arranged to accommodate & 1light sourcé and photo cell
respectively. The responses from the cell are continuously displayed on a u.v.
recorder, The windows systems are 1 in. ID x 6 in. long ani . ve remained
coumpletely clean throughout a seriea of runs, including a throughput of approximately
600 gm cesium, Although the cloud monitoring system does not give an absolute
measure of the cesium throughput it establishes the delay interval from the injection
point to the heat exchanger outlet and gives some indication of djlution compared
with the nominal rate of injection.

Al]l seeded runs to date have been associated with low removal efficiencies
and carry-through of cesium droplets to the helium circulator. The original
concept of cesium removal involved cooling the helium~-cesium mixture through the
heat exchanger.allowing the flow to impinge at a low velocity on a cooled surface
at the base of the heat exchanger and finally passing the mixture through a cooler
with large water-cooled surface area. The method proved totally inadequate, with a
net removal efficiency of less than 2 per cent. In the circulator, cesium forms a
highly viscous complex in the lubricating oil , with subsequent overheating of the
circulator. Resin impregnation was employed originally on the circulator to achieve
a leak-tight unit, so that the possible ingress of ccoling water through breakdown
of the epoxy resin represents a hagard and limits the tolerable overhect of the
circulator, Under these conditions of cesium throughput to the circulator a

maximun of 20 seeded operations, each of 15 sec duration and up to 0.5 ?/o cesium

4.1




(total approximately 300 gm), can be carried out before experiments are suspended
to allow purging of the circulator, Purging with lubricating oil takes several

hours of cold running with helium alone,

The positive diasplacement cesium injection systems employed up to the present
for seeded runs are not entirely satistactory for short injection periods. Ths
metered cesium liquid is brought via the injection system {Pig. &.1) stop valve
through the double skin of the loop and into the internal vaporizer (Fig. 4.2).
The liquid path is relatively long and on short term injection (< 15 sec), the
seeding rate is not uniforua, Continuous open circuit voltage measurements taken
during sesded runs exhibit pulsing effects and indicate dilution of the actusal
injection rate, prcbably caused by limited and intermittent boiling of the cesium

vapour,
The problems to be resolved are therefore :

to improve the efficiency of seed removal and recovery from the
present 12 to 99 percent and so facilitate continuous and steady
conditions of seed injection and throughput;

tu improve the efficiency and handling capacity of the cesium

vaporizer and superhest system to allow for seed fractions up to 1.5

atomic percent; and

to determins the temperature of the cesium vapour (probably using

spectroscopic line-reversal techniques).

4,2 CYCLONE SEPARATION

4.,2.1 Introduction

After the seeded run in March 1964 (RHT 32) a cyclone separator was considered

for the removal of cesium, the design conditions being as follows:

helium mass flow, G = 6.7 gm/sec
heat exchanger outlet temperature = 100°C
Mach number at generator exhaust = 1

The cyclone inlet pressure is determined by the conditions in the generator
duct and by the subsequent expansion in the diffuser. Assuming that the kinetic
energy of the gas at the heat exchanger inlet i: low compared witn the kinetic

energy at the diffussr inlet, then
Le

gL = (i:l) . My? o4 1)X-1 (Pankhurst and Holder') a.... (Lo1)
0
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Now ¥ = 1.63 for helium
351:1

™
|

(@
&

P
so that =t = 1.82
#rom McNab an® Cooper?, when B = 0, the generator duct exhaust static pressure
will be 16000 newton/m?. Thus, the diffuser exhaust static preasure will be

_ 16000 x 1.82
- 10°

Py

Py 0.291 ata

1]

The pressure change through the shell side of the heat exchanger will be
negligible (Appendix) so that the above pressure will exist at the inlet to thre
cyclone, that is

P, = 0:.271 ata

Although it is known that the cesium condenses as a mist, the droplet size
is not known. According to Perry*, condensed mists and fogs rasnge ir droplet size
from O.1uy to 20u; it is therefore proposed to design a ¢yclone having the highest
possible efficiency for small particles. Since both pressure loss &nd collecting
efficiency increase as the size of a cyclone is reduced, the cyclone will be made
as smali s possible provided the cyclone pressure loss does not exceed 0.5 psi.
The cyclone will then have the maximum efficiency. Des. ™ data are presented in

Perry* for cyclones having the proportions given in Fig. L.6.

Thus, the pressure difference between the iniet and outlet of the cyclone

is given as
4 Ao 2
AP35 "-'[Fn o 9 < (;5—7) ] h, eones (U4s2)
e

For cyclones of the given proportions

F,3 = 8hy (Perxy')
[ A 2
so that oPps <| 74 (:b i)j] n
- e

B
0

1]

Also A,

H
[+
D?
-8
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- L
and D9 =3
2.2 ]
therefore AP,y =| 7 + (;) _ihz
AP,3 = 7.405 h,
The inlet velocity head h, = % pz Vo dyne/cm2
G
where V, =
27 K, p

Now G = 6.7 gn/sec

Dﬂz
A2 = "1:—' cm?

p? = 3.8 x 107° gn/cm’

6
and, hence vV, = 14%175—12— g/ sec
c
7
and h, = 24Z§55719— dyna/cm2
c

from which it follows that

8
c
As previously stated
o that D 4 _ 208 x 108
s ¢ ~ 3.45 x 10*
and D, = 9.48 ce (= 3.73% in.)

Using the proportions given in Fig, 4.5 as a guide, a cyc.one was constructed
as detailed in Fig. 4.7.

>

4 o242 Construction

The cyclone must be inserted into a six-inch bore pipe downsirsam of the
heat sxchanger shell side. A conical section changer is needed to lead the
infiowing gases smoothly into the tangential entry duct. This is shown as an
integral part of the assembly in Fig. 4.7. The ges leaves the cyclone through
a 1% in, bore pipe having a 90° lobster-back bend, and exhauats intc a six-inch
bore pipe through a 7o diffuser.

Lo
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The lower end of the 13 in. bore exhaust pipe is fitted with a 22 gauge skirt
to act as a drip-point within the inlet vortex for eny liquid cesium film running
down the outer wall of the exhaust, Without this skirt, any such cesium film would
drip off at the erxhaust lip and be carried away up the tube by the outgoing helium.
A collecting pot is provided at the lower end of the cyclone to recsive the cesium
as it flows cdown the core. This pot can be drained into a lower pot througn a } in.

becre pipe and a bellows-sealed valve.

All parts are made of EN58B stainless steel and all joints argon arc welded.
Unnecessary projections and roughnesses inside the cyclone were removed to improve

the cyclone collecting efficiency.

4.2.3 Pressure losses

Before considering the system pressure loss it is necessary to know if the gas
Mach number is significant. The maximum average velocity will occur at the cyclcne
inlet. The Mach number there will be

Now G = 6.7 gn/sec
A, = 10.56 cm?
¥ = 1,63
Ps = 06291 x 1,002 x 10° x 984
= 2.95 x 10° dyne/cm?
P2 = 3.8 x 10°% gm/cm?,
80 that M, = 0.148

This is sufficiently low to be negligible in pressure loss calculations.

The overall pressure change in the separator system can be conveniently split
into the following parts; inlet section-changer, cyclone, exhaust pipe and bend,

diffuser. These are considered separately.

The cyclone inlet Reynolds number is

G D
H
Re, =
27y
where G = 6.7 gn/sec

Lo




2B H
5 @

K™ H + 8
C c
_ 2 x 0.875 x 1,875 x 2.54
- 2.75
= 3.03 em
A; = 10.56 cm?

pa = 0.023 :. 1072 poise

Therefore = 8.3 x 10°

22

@
~

|

The inlet flow is thus turbulent. The pressure loss in the section changer

can therefore be expressed® as

1
P1'P2=§M2(%2'W2+va)
~
167 )4 1
Cf SH— - +0.0
2P12 L_X? ? 5:]
162 [1.05 _ 1
e - ———
u2912_A2 31‘]
G = 6.7 gn/sec
prz = 3.8 x 107° gn/cn®

A, = 10.56 cm?

Ay = 182 cm?

so that the inlet section pressure loss, Py = P, = 5,58 x 10° dyne/cm?

and the cyclone pressure loss, P, - Py = 3.45 x 10* dyne/cm?

In the exhaust pipe and bend Reynolds number Rej

and G = 6.7 gu/sec
D = 4.2 em
8
u = 0,023 x 10”7 poise,
80 that Res = b x 6.7

T ox L.12 x 0,023 x 10°¢

9001 X 103

The pressure loss in the pipe is given by

L fL ¢? 2
P3 P‘ = De . 2 f3a A32 dyne/cm

4.6

- kG

'DJ"

coves (Le3) i

co (L)




in which f = 0,008
L= Lst * Lb
= 30 + 32 x 4.2
= 161.7 cm
G = 6.7 gm/sec
P3¢ = 3.8 x 10°° gm/cm3
Ay = 13.3 cn?,

8n that the exhaust pipe and head pressure loas, Py=P, = 4.72 x 10° dyne/cm?

rer
For a diffuser operating at low Mach number the pressure change is given ty
Pape = 54V (00 v | et
= =S [};l, (1-¢) - -1,.:} ceves (La5)
2 psa | A As
) in which Psa = 3.8 x 107° gm/cm’®
G = 6.7 gm/sec
A4 = 1}.3 sz
As = 182 cm?
{ = 0,088, (de Kovata and Desmur®)
so that the diffuser pressure loss, Ps~P, = 3,04 x 10% dyne/om?.
Thus Py - P, = +5.58 x 103
P, « Py = +3.45 x 104
Py = Pg = +4e72 x 103
P4 = P5 = ‘3«;010- X 103
so that Py = Py = +41.76 x 10% dyne/cm?
= 00605 pSi
This can be expressed generally as
.2
Py - Py = 1,05 x 107> &2 pay ceeee (Le6)
2
Le2.4 Collecting efficiency
The collecting efficiency of a cyclone depends upon the cyclone geometry,
) velocity of the carrier (luid at inlet, the nature of the material to be extracted,

and the particle size. The data used in Fig. 4.8 were abstracted from Perry* and

L.7




shows the variation of collecting efficiency with a non-dimensiona} pavticle dismeter

Eg for & gyclene zgs defined in Fig. 4.6, Dpc refers to the particle size for which
¥B% cyclone has an efficiency of 0.5. Considerations of the forces acting on the
particles in & cyclone show that

) 3 Bc CD Rep He (4.7)
PC ~ 16 4 Ne -~ DP v, ¢ (pP -0) JOREO0 A

D

whers Rep and CD are related by

2 q 2 -
867 D7 (pp=p)

c = -y h - r es o (‘0»08)
D Ay T, P He ReP

For particle systems having 0.00C% . Re < 2,0, Stokes' law is valid, and the

above equations reduce to

PC \jzﬂ Ne ‘."2 {pp-p) seveew (l}.9)

Using the given design conditions, with Fig. 4.8, it is possible to predict (ses
table below) the collecting efficiency of the cyclone for cesium droplets of different

sizes,

0.023 x 10™? poise

Thus, since u

o]

= 2,22 cm

b
@
L1}

5 (see Perry*)

"
!

= 1.67 x 10* cx/sec

108 wms,

= 0,695 x 1074 om

then

o
I

Up E/DPC n
0.5] 0.72 | 0.37
1.0] 144 | 0.65
1.5 2.16 | 0.82
2.0] 2.88 | 0.90
2.5 3.6 0.94
3.0 4.32 | 0,9
i 3.51 5.03 | 0,97
.01 5.75 | 0.97
L.5] 6.47 | 0.98
5.0] 7.20 | 0,98
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It must be noted here that these presdicted collecting efficiencies refer to

¢u1lid spherical particlea. When the particles are liquid, the seccndary vortices
in the upper annular section of the cyclone can induce : flew of liquid along the
inner walls towards the exnaust, thus reducing the efficiency. This effect can
be reduced by introducing drip points. If the liquid particles agglomerats, then

the collecting e fficiency will increase.

he2.5 Pressure loss tests

Before installation into ths MPD closed-loop, the cyclone separator was

tested in the open circuit (Fig. 4.9) for pressure loss and collecting efficiei.cy.

Air was drawn from the laboratory by a centrifugal fan and led by 3 in.
bcre piping into the cyclone inlet. The 3 in. pipe was extended into the conical
section changer to ensure e smooth transition from 3 in. diameter., The air
exhausted into the laboratory through the diffuser. PFlow variation was possible by

variation of the fan speed, or by a gats valve located just downstream to the fan.

Por this test the y in. bore pipe at the lower end of the cyclone collecting
pot was plugged with a rubber bung. The air mass flow was measured with & plain
intake orifice’ of nutside diameter 5.72 cm, attached to the fan inlet. A
paraffin filled inclined manometer measured the pressure difference acroas the
orifice.

The pressure difference across the cyclone system was determined by measuring
the static pressure of the flowing air just up %ream to the conical section changer,
using a water filled manometer, and assuming the exhaust pressure to be atmospheric
at the diffuser outlet.

Measurements were taken for air flows ranging from 10 to 30 gm/sec, the
ohserved orifice heads and static pressures being recorded graphically in Fig. 4.10.
From these results

H=36.2 h where the units of h are in. of H;0,
H are ecm of H;0..

Por the orifice, G = 19.8 \F%;:& gm/sec where the units of h ere in. of Hy0,
A P, are mz of Hg,
Ta are °K.
The system pressure lozs is therefore

2
Py=Ps = 9.24 x 1072 [1%-,—'1'&] dyne/ cn?
a

4.9




During the test

- o
T, = 296°K
P‘ = 716-7065 ji:h4) Hs,
a0 that Py - Py & 35.9 62 dyne/ca® (for air)

To determine the losses introduced

From equation (4.3)

by the cyclone itself, it is necessary to
separate the loases in the section changer, exhaust pipe, and diffuser.

1 G2 ,1.0 1
Py-P, = 5 — (Aﬂé2 - Ez) dyne/ om?

2 py2
and, for air P2

]

117 » 107% g/ em®

Ay = 45.7 om?

A, = 10,56 cm?,
so that Py =P, = 3.8 62 dyne/cm® (for air)

Prom equation (L)
2
pop, s bEE
Now Re; = ;—%—E;;
e
De = 4,12 cm
uz = 0,0182 x 1072 poise
G = 10 to 30 gm/=ec

therefore Rey = 1.7 x 10* to 5.1 x 10*
and then £ = 0,0065 to 0.,0053

Taking an average value

£ = 0,0059
Also P3s = 117 x 1073 gn/om®
Ay = 13.3 cm?
L = 161.7 cm,
so that Py~P, = 2.24 G? dyne/om?

Prom equation (4.5)

i
Per e 00

1
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Psa = 1417 x 1073 gn/cmd
Ay = 13.3 cm?
As = 182 cm?
{ = 0,088,
so that Ps~P, = 2.57 G? dyne/cm?

Now the cyclone pressure lcss is (P,-P3) and

(Po-Py) = (Py-P3) ~ (Py-P;) - (Ps-P,) - (P4-Ps)
= (35.9 = 3.8 - 2.24 + 2.57) G dynes/cm®
(Pz"P3) = 32.43 G2 dynes/omz.

Expressed in inlet velocity heads,
(Pz"P3) = 8.14-5 hzo

L.,2.6 Collection efficiency tests

To simplify the experimental techniques, cthe cyclone was tested with & mixture
of air and carbonyl iron powder simulacing cesium (manufactured by Inco Moad), the
particles being spierical and of known sizes. Two grades of pomder were used:

MDG and MCHP of a7erage particle sizes 2.9 end 7 micron.

The iron powder was injected intc the sir through the atatic pressure tapping
upstream to the cyclone section changer in the following manner. Powder was
placed in a pot fitted with a perspex lid and, by blowing dried nitrogen through a
1/16 in. bore pipe tangentially into the pot base, the powder could be fluidiged and
carvied through an g in. bore pipe into the main air flow. To collesct the powder
separated by the cyclone, a weighed glass boiling tube was attached to the ¥ in.
pipe at the lowszr end of the cyclone by a tored rubber bung.

During a test run, a known weight of sither MDG or MCHP grade powder was
placed in the clean fluldizer pot and the 1id sealed. The main air flow was
adjusted to the required value. Then the nitrogen flow into the fluidigar was
started and adjusted until the powder was ssen to be thoroughly entrained in the
induced vortex. Shortly after this condition was achieved, powder could be saen
settling at the bottom of the glass collecting tubs. From time to time during the
run, the cyclone was struck with a plastic hammer to release any powder clinging
to the cyclone inner walls, When the f° .cizing pot was empty the air flow was
increased to & maximum to clean the cyclone of collected powder. The collecting
tube was detached, closed with a weighed bung, and weighed. This procedure was

repeated for various air flows using each of the powders.

)0-.11




After completion of the messurements the cyclene and section changer were

carefully removed from the circuit.

Iron powder had settled on the bottom of the
pipe below and dowmnstream of the injection point in the upper wall of the pipe.
Powder had also collocted in the dead space between the sectiorn changer none and
the length of % in. pipe protruding into the aection changer (Fig. 4.9). The
powder was deposited in luyera of light grey and brown grey, showing that both

grades were present, All of this powder was collected and weighed,

The measured sir flows, injected weights of powder, and collected weights

of powder are recorded in the following table.

Test i G, Powder| CP»> | T4’ { LY ¥y W;, ;ﬁ;C’ P
No. | gm/sec | grade {micron | gm gm gm [0} n micron DPC
1 9.4 |MCHD | 7 10 |31.2 | 78,8 78.810.997 1.52 |4.6
2 13.9 MDG 2.9 224 0.008 | 23.4 | 22.4 | 0.97 | 1.25 2.32
3 32.5 MCHD i 69.2 | 5.38 | 63.8 | 75.s | 1.15 | 0.806 |8.48
4 9.2 MDG 2.9 79.5 | L.z 75.3 | 51.5] 0.686 | 1.46 1.58
5 5.65 [ MCHD | 2.9 19.5 1 1469 | 17.8 [ 14.1 [ 0.794 | 1,935 |15
6 9.32 | MCHD 7 LB8.2 113.7 o5 3.2 0,92 | 1445 e 95
7 33.3 W6 2.9 23.2 1 0,34 | 22.9 (23 11.02 | 0.7, ot
8 5.65 |MCHD | 7 36.c | 16,7 | 19.2 21 [1.69 | 1.935 | 3.62

Before calculating collecting efficiencies it was necessary to correct the moasured
This
was done by proportioning the total deposited weight aczording to the efficiency

as a gravity settler of the 3 in. pipe dowrstream to the injection point for each
set of test conditions.

the efficiency:

injected weights for the amount of powder lost by settling durin/ ach run.

According to Perry*, a rectangular gravity settler has

The weight of powder lost by settling during each test was thus estimated as

LI
T . S W

W ==
8 'i U ]

The weight of powder actually entering the cyclone was ceslculated as

1= =
Wi = Wi 's

and the collecting efficiency as

Mﬂl =
=lo
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The ratia DP/DDC was svaluated for sach test using equstion (4.7). The

appropriate values of CD and Rap were fzund from eguation (4.8), in conjunction
with Fig. 114 of reference 4 which shows the variations of dra, coefficisnt witn

Reynclds number “or spheres.

The results of theseo tests are presented in the above table and in Fig. 4.11.
The , DR/Dpc characteristic recommended by Perry' is alsc given, The two curves

do not differ significantly, so that the design is z~tisfactory.

On the basis of the measured characteristin, the expected collecting

cfficiency has been calculated for the design conditicns (Fig. 4.12).

4.2.7 Loop operation

The unit was fitted into the loop (Fig. 4.3) at the heet exchanger outlet; the
perficrmance from seedad runs RHT 33 and 35 (and later runs not reported) showed an
actual cssium removal efficiency uvf ~42 per cent. A commercial Centrifix Ssparator
has been ordered and will be installed in the loop for seeded runs planned 2srly in

December 196L. A removal efficiency better than 99 per cent is guarantesd.

4.3 ELECTROSTATIC PRECIPITATION

Careful consideration has been given to the feasibility of a cesium remcval
system eumploying electrostatic precipitation techniques for the cesium-helium mist.
Such a system with negligible pressure loss snd very high available efficiency is
extremely attractive for application in the closed cycle MPD power generation
facility. Whereas with a cycleons separator the separation efficiency for gas-borne
particles of less than 50 micron falla off rapidly, the 2lectrostatic precipitator
maintains a high separation efficiency for small particles,

A theoretical feagibility study has besn carried cut and small deveslopment
units built and {ested. At prvsent,stable coronas have been achievad with helium
alone {Pig. &.3) but insufficient operation has been possible with cesium~helium

flows to prove performance potential,

4,3%,1 Principles and theory

In electrostatic precipitation unwanted charged rarticles drift out of the
main gas flow under the influence of an electric fiald, the efficiency of removal
depending upon the applied voltage. Particles must be electrically charged, one
means of achieving this being to create a corona by applying a sufficiently strong
field between the electrodes. Two types of d.c. corona can be set up, depending
upon whether the corona electrode is positive or negative. Positive corona is
set up at higher voltages than for negative corcma in hydrogen, carbon dioxide eand

nitrogen; in helium, oxygen and air the critical electric field is lower for poasitive
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than for negative corcns at pressures greater than ! cm Hg, but higher at lower

pressurss, However, positive corona is usually emplcyed because of its mcre
waforn distrivution; negative corona appears as tufts or beads along the corona
electrode, the presence of which complicates the precipitation mechanism and renders
thecrsttcal analysis difficult.

Charging of the particle takes place by ionic lmpact, either by attachment %o
gas ions migrating to the cathoda or with ions under thermal motion {effective only
for particles of less than + micron diameter).

A £4]] anaiysis shows that the number (n) of elemertary charges (e) acquired
in time t by a spherical particle under migrating ion impact conditions is given by
] Ec a? +
n = 0 cooos (e
e P 1
wNek

whore p 1s a constant depending upon the particle material,
a 12 the radius of the particle,
Ec is the field strength at corona eln trode surface,
N is the ion concentration, and
k is the icn mobility.

t

As t » w, then - 1

t +

wNek
In practice maximum charge is attained in a fraction of a second, and
2
. E?O a
(MAX) e

1]

or maximum charge q = n(xAx)e

50 that q:pEc 32‘ so s 00 (16-.11)

The constant p = ) for conducting particles and, for non-conducting particles

pP = %:% where ¢ is the dielectric constant.

Under conditions of thermal ion motion, the number of oharges accepted by a

particle is
a KT

n==7 log (1 + Z_Eéigslﬂg ceeee (Lel2)

whare K is Boltzmans constant,
T is absolute temp,
s 1as r.n.s lon velocity, and

N ias ion concentration.
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For concentric cyliniers it has bean shown that a corcna can only be
produced when the ratio of outer to inner radii of electrodes exceeds a certain
eritical limit: the startiing veltage for & corona depends upon the si:e and shapa

Y R
of the corona electrode (wirs) and interspacs.

The field strength B between two radii Ry and R, can be defined by

B4
V = j. B 4dr
R

2

where V is the polentisl difference between R, and R,.

The field strength at & radius r ia given by

v

F=7 log, R./R,

f ceeee (Let3)

v

where ¢ = loge K,/ ¢ constant

In the presenca of an ionic space charge the field is modified to

Q'FE—)MTU:O svese (l‘-)11‘-)
dr r

where ¢ is space charge per unit volume.

At radius r the ionic currant i per unit length of electrode wire is given

9
n

2 7 r 0. (ion velocity)

li

27 ro0EX XYY (zi-o15)

where k is ion mobility.
From equations (4.14) and (L.15) the following equation may be obtained

) %

<+
'u e

2
and, for large values of i1 and r, %7 can ba neglected

X i o
so that B = (ZY")Y escee (L&o16)
When particles are present equation (4.16) is modified %o
21\ * 1
= - £ Poeese )o
B (k (1 4+ TP Sr) (het7)

where S 13 the surface area of particles per unit volume.

This equation shows a linear relationship between field strength and radius, which
is dependent upon the nature and concent:ation of particlea. Fig. 4.13 shows how
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pArticles effesct the field strength.

The force Fy acting on a pariicle with charge q in a field Ep is given by

Fy =qE .
1 q p

From equation (L.,11)
¥y

2
T Rc Ep &

where Sc > Ep 7or & hizh particla concantratien.
The viacous drag, by Stoke~' Jaw, is
Fo =6bapuwm

where a is particl; radius,
u is visceosity of gas, and
w is velocity.

The transverse terminal velocity u is reached fsirly quickly, sc that

Fq = Fg
P Ec E a
Therefors u = -
T oy
For a conducting perticle p = 3 and therefore
aB E
u = 0.16 % neas e o (h.18)
The longitudinal vslocity for Yaminar flow v is given by
2
v = 2V (1 - %‘T ) en v (I+119)
wnere = average “low of gas
y = radius from centre
R = outer radiua of tubae.

A particle clouse to the inner slectrode will teke the iongest time cf all
to precipitate, un' will give a theoretical maximum for the length of turs required.

The longitudinal velocity of such a particie = 2V
at y = 0 sevee (LCZO)
and the lengch of tuba necessary to precipitate & particle is given by
=4 MR
L= 3.
and from equations{4.18), {4.20)the maximum length of tube required i given t;
2 VR
L - 4 . K
® P
(m) 3 0016 axnj “a QP
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whare a(EIN) is the minimum radius of rarticle in the system.
.{ VR

Therefors L(m) = ;‘;6-';—';'_&- XXX (1&.21)
¢ p (MIN)

If V is in cm/sec, a and T in cm, u in poise, E, and Ep in esu/cm
(300 volt/em = 1 esu/cm) then L will be in cm.

Sample Calculation

Without full investigation, both theoretical and experimental 4 the
critical voltage Ec at which the corona appears cannot be determined. The
potential difference to precipitate all cesium particles can be calculated from
the following eguation.

L/ _16.7VRy

(MAX) E, Ep 8 (.N)

The following dimensions and flow data are used:

eseee (L4.22)

maximum length for precipitation L(MAX) = 2m

redius of tube R =7 cm

wean helium flow '/ = 4.5 m/sec
viscosity of belium at 150°C u = 25.5 x 10”3 poise
radius of smallest rairticle a(HIN) = 1 wicron

-

The product Z. 2 is found to be 670 (esu/cm)?, If it is assumed that E, o Ep
then Ecu(67Q:' » 26 esy/cm = 7800 volt/om and the potential differsnce required
is about 40 k.lovolts.

The above calculation allows for extreme conditions; an increase in minimum
particle size, or a decreass in temperature ~ nd hence viacoaity), flow rate, or

racius of the tube would lower the vo*tential difference needed to produce the corona.

4ol  ULTRANSONIC CESIUM REMOVAL SYSTEMS

Ultrasonic techniques are alsoc being considered to promote cesiur droplet

agglomeration and facilitate its remocval from the helium flow.

For the next series of seeded runs a 500 watt power asource is to be used to
drive an ultrasonic transducer titanium *18A alloy probe (Pig. &4.4). Transmitted
powers of up to 1 wett are expected. The prous is toc be mounted at the bottom
of a vertical glass column (6 in. diameter, £ ft high) and is arrunged te
propagate axielly in the direction of the helium-cesium flow. Stringent
pre-seeiing tests will be carried out to determine possitle fatigue characteristics

of the glass system,
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Should the electroststic precipitator and ultrasonic systems prove practically
feasible, a combination of the two will give extremely high efficiency of seed

removal.

4.5 CESIUM VAPORIZATION AND SUPERHEAT

Until the problem of seed removal is resoclved, only short duration seeded
injection will be possible. For the iamediate future a considerable programme is
planned for invaestigations at nozzle inlet temperatures lower than 1800°K. A
system has been designed (Fig. 4.5) (and is in the final development stage) to
temporarily replace the high temperature helium heater;, high terperature transfer
and cesium vaporizer. The system i3 horigontal, axially in line witn and connected
dirzctly to a subscnic nozzls and generator duct. It comrrises a stainless steel
mesh electrical heater connected mechanically in series with a boron nitride
insulated tungsten element electrical resistance heater, the tungsten element being
in three stages to allow for power balance. Cesium is to be injected through three
Jets and atomized with the helium flow prior to entry into the stainless steel mesh
heater (available power 27 kilowatts)which takes helium-cesium to «900°C (cesium
in vapour state). The second-stage tungsten heater (power 20 kilowatts) raises
the helium-cesium temperature (mass flow helium 5 gm/sec at 1 ata; cesium fraction
1.5 %/0) to approximately 1800°K.

Careful consideration has been given in the desisn to the problems of electrical
breakdown due to the presence of cesium. The unit is to be commissioned shortily
and if satisfactory should give additicnal data cn the problems of duct surface

contamination,
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NOMEECLATURE

fluid flow arsa

magnetic field

cyclone inlet width

drag coefficient

cyclone inner diamster
cyclone exhsust diameter
particle diameter

cut particle diameter
frictional losses

fanning friction factor
mass flow

gravitational acceleration
cyclone inlet velocity head
orifice pressure difference
manometer head

cyclone inlet height

haight of gravity settler
dimensionless coefficient
pipe length for friction loss
length of straight pipe
equivalent lengih of bend
length of gravity settler
Mach number

No. of turns by particle in cyclone
Fressure

Reynolds number

radius of particle path
temperature

terminal velocity of particle
velocity of gas

injected weight of powder
corrected injected weight
settied weight of powder
collected weight of powder
ratio of sjpecific heats
differentiel

diffuser efficiency
collecting efficlency
gravity settler efficiency
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(Chapter 4)

i viascosity
4
density
Pp
Suffices
0 refers to
refers to
2 refers to
inlet
3 refers to
4 refers to
5 refere to
P refers to
f refers to
a refers to

diffuser losses

particle density

generator duct outlet
heat exchanger inlet

cyclone rectangular

cyclone outlet

exhaust diffuser inlet
exhaust diffuser outlet
particle

flui”

ambi :,t conditions




e ' \

CESIUM  INJECTION EQUIPMENT

FIG 41




CESIUM VAPORIZER




ELECTROSTATIC PRECIPITATOR AND CYCLONE SEPARATOR

FIG4-3




ULTRASONIC TRANSDUCER WITH TITANIUM PROBE




Ui

NAMETEN MU W BBNT & 1600°C
3 i

i
e S S

CESIUM VAPOURISATION AND SUPERHEAT SYSTEM

o g——— - ~ - - =

MMCTION A A

FIG4-5




I B
1
Se
Lec
BC L cc/ a
De = O¢/2
Le = 2 O¢
S = De/8
‘c r EOQ ac
Je = ARBITRARY
d — o
B¢
S
e
~_10e Oc

AFTER PANKHURST AND HOLDER'

RECOMMENDED CYCLONE PORTION

FIG4-6




L0
= @
'.3 =
M| : '
,,T - -——-]F--\g._
i o
i i/
| ".5'/

'|D

CESIUM CYCLONIC SEPERATOR FOR MPD CIRCUIT

FIG47




AN

T} ¢ o~
o o

!
o8

U AINBIDILAD BNILDIDM0)D

CYCLONE COLLECTING CHARACTERISTIC

Op [Opec




- 38NL 204037™0)
Py \ ANOTIOAD

WIASNIAIQ LSMoHYI

\ .
HIWC Swo | F- > g
__— L A -

Pt ..M\
S ALIWMONS SUD k¥ H\\\
, 2 —

A2 1NN &%/. — |'

VoL NIAY  aw

FIG4.9

CYCLONE T&ST CIjcurr



H=382 h

i
L ¢ | o ) r ) n ¢ m o - o
DA N DN X BINTRA NG DUNBSTHI AN Y

CYCLONE PRESSURE LOSS TEST RESULTS

e 8

20 22 24 26 28 30 32 34 3¢

1o 12 (4

8

C™M M0

H. CYCLONE PREISIURE LOSS,

FIG410

-




adp [do
6 g L s S » €
S SN 1 -
SPAIINAT 83 TE L O
SIAMINGS ?d «.\b [+
........ - - - ) - + . ]
!
ABATT AB OIONTAWOIRA DILSIHT LD vAVHD
* _ [« }‘\I\L\\\\
i " PN e ommmneereeeer™
DULSINILIVATHT ORBIVVRN AL MBI N R o
o

<0

v O

®Q

89Q

(U ANDNAAT UNILDF 102

xC

St

MEASURED COLLECTING CHARACTERISTIC

FIG41]




HELIUM MASS FLOW 87 gm/8&C
.UM INLET PRESS O 291 a.ta

3
PARTICLE DIAMETER OJu), MICRONS

ca
62

('l() AINIDI4T  ONILIATN02

EOICTED CESIUM COLLECTING EFFICIENCIES OF CYCLONE AT
SIGN  CONDITIONS

FIG 412




ado [da
(=) 8 L -] g 8 € P \ o
H o
20
SPAINGT B3 Y& L O
SSEIRas 3 VLo v o
[
I \\ o)
i % \ e 89
7 \
\\ L\
HASEEd AE O3ANIWNCIB iLS BT LI vAWHD - .
)
- s S ° o
JUSIAILOVAWHDY QRGVIWN ATIVLN TN ABIRD °
©

(k! AoN2i01433 DNILO300

MEASURED COLLECTING CHARACTERISTIC

FIG4i]




- ' r
Ud
uw J
® d
F - o
o g
o
o
79
o Ll
e
T
: 2 d
23
33
o
11 o
\\ "
\\ )
No
o © o g o
- o o o o] o

(Y) AoN301322 BNILIBT09

PREDICTED CESIUM COLLECTING EFFICIENCIES OF CYCLONE AT
DESIGN CONDITIONS

PARTICLE OIAMETER Dp), MICRONS

FIG 412

Fo




11

FIELD STRENGTH (E), KV/CM

25 - i
| |
CURVE A NG DUST BURPDEN ~ NO 1DAIC CURPRENT
i 8 NO DUST AURDEN - WIiTK 10NIC CURRENT
C,O0RE DUST RAURDEN AND IONIC CURRENT
20 I e — e e — - _
CurRveE o CLAIJCAL. THEORV+~ EQUATION 4
g 8 &C AS CALCULATED BY LOWE & LuCAS
0 ') CALCULATED FROM EQUATION
o
.G 3 CALCULATED FROM EQUATION TT(a)
w
IN EACH CAagE -
| ® ) |
APPLIED VOLTAGE - 40 KV
w
g IONIC CURRENT = 25 uA PER FOOT RUN
‘} OF CORONA WwWiRE
5 DUST BURDEN - DUST SURFACE PER UNIT
@ VOLUME OF GAS IS
0 o 08y cm-!
W
10 O
w
L &M A
3
S \
\ CURVE C
\ /
et
\ URVE B8
CURVE \E |
T
—— -
CURVE D
(o]
i 2 3 =8

EFFECT OF ODUST BURDEN ON

DISTANCE FROM AXIS, IN,

FIELD STRENGTH

FIG 413




CHAPTER 5

GENERATOH DUCT

by

R.Brown, W.J.Slator, V.Brown, K.Cass, J.Davidson and G.Johnson

5.1 SPECIFICATION

The generator duct system employed in the cesium-seeded runs in March 1364
(RHT 32, see TRD 64-36, Bibliography number 45) had exhibited significant electrical
end leakage to earth. For the hot run (RHT 3,) and the subsequent cesium-sesded
runs (RHT 35) (see Chapter 3) the generator duct walls were extended axially at
the subsonic diffuser end and an electrically-insulating expansion nozzle in boron
nitride was fitted. Fig. 5.1 shows the tantalum (0.02 in. thick) high temperature

transfer section and cesium vapourizer, with *he attached boron nitride nozzle.

Duct walls boron nitride

Duct dimensions 6 in. x 1% in. x ¥ in. (+ 3 in. diverging
diffuser)

Electrodes 16 pairs }g in. semi-circular section tungsten
10% tantalum 90% alloy (Fig. 5.2a)

Probes %g in. diameter tantalum, two on sach side of

nozzle taroat and four at dif user end of

generator

Expansion nozzle boren n.tride profiled for Mach 2,3 operation
(Fig. 5.2b)

Thermal insulation generator duct and transfer section Zirconia 'E’

fibre with outer wrappings of 'Refrasil’ tape

Thermocouples %E in. tantalum-sheathed tungasien-tungsten 26%
rhenium ' upstream of nozzle in gas stream 2

fiush with duct wall downstream of gererator

Fig. 5.3 shows the asseubly (diffuser end) loaded into Lha zZenerator case.
Fig, 5.4a shows the generator assembly after RHT 3L and 35 in a partly dissembled
state, Bonding of the boron nitride plates had occurred at the close-toleranced
interface joints; this was attributed to ingress and reaction of Refrasil dust.

The plates were finally forced apart mechanically.
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5.2  ELECTRICALLY-CONDUCTING LAYERS

A fairly uniform electrically-corducting layer (iess than 1 ohm/cm) was
observed on all four duct inner wall surfaces and the inverior surfaces of the
expansion nozzle (Figs. 5.5a and 5.5b). This phenomenon has been discussed
previously (IRD 64-36) and extensive analysis of electrically conducting surface
laysrs has been carried out without determining the mechanism of layer transport
or the major components contributory to the slectrically conducting properties of

the layer.

Tests have bson cornducted on small samples c¢f electrically-conducting
generatcr walls in both boron nitride and recrystallized alumina, heating for one
hour under controlled atwospheres from vacuum (<10™° torr) to 1 ata helium prescure,
through a temperature range 1&50°K to 1850°K. Samples taxen from ducts used in
runs before RHT 33 have lost the conducting layer with this procedure and recovered
the initial electrical resistivity. A further test included fitting six electrically-
conducting samples of recrystallized alumina, three upstream and three Jownstream
of the cesium injection station in the MPD tantalum high temperature transfer section
allowing the layered surface to be 'washed' by the hot helium and helium-cesium
flow during cesium-seeded RH1 36 (not reported here). Inspection of the samples
after the runs showed that the conducting layer had been removed in all cases with
recovery of the surface electrical resistivity (Fig. 5.7). The generator walls
(boron nitride) from RHT 33, 34 and 35 had become layered and electrically
conductive (less than 1 ohm/cm). From these tests it was deduced that the
conducting layer was unstable above 1&50°K; it therefore appears that the layer

formation is by deposition on the cooler generator duct walls.
5.3 ELECTRQDES

Inspection of the tantalum-tungsten strip electrodes after RHT 34 and 35
showed extensive transverse crssxing (Fig. 5.6). Complete fractures were noted
in 14 of ths 32 strip electrodes .nd appeared to occur in each case at the lead-out
bend where tho internal stress promoted through forming would be highest., Some
inconsistencies of power generation results (Chapter 3) along the axis of the
generator can possibly be attributed to the high interface resistance of the

fractures and in some cases intermittent open circuit.

A transverse section was taken from a cracked electrode at a position midway
along the acti-e electrode and the areas were examined metallographically.. At
the electrode-gas interface the layer had an even thickness of 17 micrens. At
the boron nitride-electrode interface, although there was no evidence of a definite

lsyer, the electrode surface was extensively cracked both axially and transversely
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(attributed to reaction between the slectrode and borun nitride), At the cornar
connecting the boron nitride-electrode interface to the gas-~electrode interface,
the depth of penetration of oracks was abcut 250 microns. All three samples
were axtremely brittle.

An overall X-ray analysis of the electrode surfaces showed the presence of
Ta,0y; and TaB, The layer at the boron nitride-electrode interface was assumed
to be TaB, Samples of boron nitride and boron nitride surface layers were
analysed apec “rographically. Unused samples of boron nitride showed major R,
trace S8i and minor traces Al &'d possibly Cu. Boron nitride from the duot wall
remote from the gas interface (non-conducting electrically) showed the same
analys’ 3,

At the interface between boron nitride and the electriocally conducting layer,
the analysis gave major B, trsgs Al (higher than previous sampies), Ca, and 81 and
minor traces Fe, Cr and possibly Cu.

Se¢&  GENERATOR DUCT WALL HEATER DEVELOPMENT

Although efficient insulating materiazls have been used axternally on the
generator seotion {for example, Ziroonia 'E' fibre) thers is a space limitation
tranaversely between the poles of the magnet and it has been recognized that the
generator walls (and especially the elsctrodes) have been at significantly lower
temperatures than the plasma in the generatcr. This has resulted in:

eleotrically-conduoting layers on the generator wall imner
surfaces, causing low inter-electrode resistance and effective
short circuiting of the generator with progressive and sometimes
rapid performance detsrioration and unoertainty of results during
seeded runs;

limitation of electron emission from the electrode surfaces; and

uncertainties of gas-wall interfaocial temperatures and subsequent
difficulty in theorn‘ioel interpretation of results.

Por these reasons a programme has been initiated for the development of
externally-heated generator duct walls. Design oonsiderations have been for s
minimum useful heater Jife of 25 hr at up to 1900°K, uniform temperature
distribution, e¢rd provision for lead-through of the required complex of slectrods,
pressure and thermocouple station leada. Barly work was carried out using & boron
nitride duct top wall (7§ in. x 13 in. x § in.) split and screwed to acocommodate
sirgle refractory metal (0.010 to 0.020 in. W and Ta) heating elements (Pigs. 5.8a
and 5.8b).
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A rectangular duct haa been buillt tc the crosa sectional dimensions of the
system uszed in RHT 34 and 35, but with the length reduced %o 4 in. Internal
tantalum (0.020 in. thick) heater= were fitted in each wall and saries-connected,
The system was insulated externally with zirconia fibre and thermally cycled to
1750°K under high vacuum conditions; the temperature was held a. 1750°K for 25 hr
(Figs. 5.9a, b and ¢). Inspection showed no deterioration of the system other

than embrittlement of the element due to reaction with the boron nitride.

The tests are now being extended to s tudy generator wall heater performance
under conditions of helium flow and at the time of writing a complete heated
generator system is being built for power generation runs in the closed loop.

Sels



he

ed,

nce

TANTALUM  HIGH TEMPERATURE TRANSFER SECTION WITH BORON

NITRIDE NOZZILE

FIGSI




S

|

T

16 ELECTRODE PAIR ouRON TRIDE GENERATOR WALL BEFORE ASSEMBLY

FIGHh2a

BCR(
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SPLIT GENERATOR DUCT SHOWING ELECTRICALLY CONDUCTING LAYERS AND
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ALUMINA SAMPLES SHOWING REMOVAL OF ELECTRICALLY CONDUCTING LAYER
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DUCT WALL HEATER DEVELOPMENT AT 1400°C
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CHAPTER 6

INSTRUMENTATIGN

by

P.3. Junes, K, Watson, I, Wilson, R, Brown and I.R., McNab

61 INFRODUCTION

As indicated in the previous Technical Summary Report (IRD 64-36, Chapter 10)
much effort has heen devoted to accurate measurement of the plasma flow parameters
in the MPD generator duct itself. Of particular importance is the problem of
temperature measurement for which no satisfact:ry soluticn has been resolved
although the method described in Ssction 6.4 is of some interest; consequently for
this and other reasons, heated duct walls are to be used so as to opsrate under as

nearly isothermal conditions as possible.

The system for generator sutput parameters (described in Section 6.2) has
proved satisfactory ani is currently being modified for more sophisticated

measurements of generator characteristics.

6.2  GENERATCR CHARACTERISTICS

During cesium-seeded operation it is essential to extract the maximum
information in the available time. Cesium may only be injected for 5 sec periods,
and in the sarly runs, the instantaneous concentration fluctuated rapidly; ideally,
the MPD generator losding would be cycled faster than these fluctuations.

The following Information was required:

V-1 oharacteristic of each elsctrode pair under power generation

conditions;

voltages on 5 probe pairs outside main MPD duct;
Hall-effsct emf''s and short circuit currents;
interelectrod. leakage resistance;

plasma passive V-I characteristics;

electrode resistance as an index of electrode t- uperature distribution

along the duct;
cesium injection period; and

flow of cesium 2t heat exchunger exit.
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6.2.4 V=1 power characteristica

A typical 18-~electrode pair (A, B, C....R) channsl (designated X) is shown
at the top of the circuit (Fig. 6.1). The electrodes (shown diagrammatically on
the extreme top left are connected to the temperature-scanning uniselector and
current loop (described later) and one lead from each electrode is taken to the
patch panel, This haa leads fitted with stacking plugs to allow parallel
connection (any plug will fit into the top of any other); at present, electrods
pairs are each connected to one loading and measuring channel by linking X111 to
X13 and X12 {0 X14.

This links the electrode pairs to a level on one of two 25-way 11-level
uniselectors (USA and USB) which, on the first five positions, step through five
load resistors (R6 - R10) repeated on all 18 channels. At this stage thes groups
of relays (A and B) are not energized and a galvanometer in the 25-channel recorder,
connected as a voltmeter, is connected scross the electrode pair. As in Fig. 6.2a,
& shunt resistor (RL plus R5) is provided, also a series resistor selected from the
¢hain R1-3 by a range switch. The diodes across the galvanometer have a high
resistance at 0.1 V, but would shunt the galvanometer and protect it under overload.
On their sixth step the uniselectors disconnect all loads so that open circuit
voltags is recorded in all channels.

Thus for each elactrode pair the voltage at various known loads is recorded,

the current in each load can be calculated and the V-I characteristic derived.

6.2.2 Probe voltages

The probe pairs outside the main duct are connected to galvanometers in the
6-channel recorder with range resistors and shunts as in Fig. 6.2a. The open
circuit voltage 1s monitored continuously in this way; no loads are connected to

the probes.
6.2.3 Hall effect

On the seventh and eighth steps the electrodes of each pair are shorted to
each other. Alternatively, by meving flying leads, any cf the load resistors can
be conrected in at this stage. On the seventh step, the B group of relays come
in and trensfer one side of the galvanometer-as-vol“‘meter to earth, so that the
voltage to earth is recorded. On the eighth astep the A group of relays is also
brought in and reconnects the galvanometers as ammeters. R4 beccmes the shunt
shown in Fig. 6.2b, but for heavier current R5 can be resonnzcied via a 39 and a

10 ohm resistor to pick up 1/5 of the voltage across Rk.
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6.2+ Cycling arrangements

All the uniselactors in this system &re driven from a transiastor multivibrater
which switches a power transistor via an intermediate transistor. A mastsr switch
transfers the current pulses to temperature scan, leakage scan (described below)
or power scan, The temperature scan uniseisctor is started by a press button and
then cycles tc its homing position and stops. The leakage scan (USE), which has
single ended wipers, is started by pressing a button and cycles through 48
positions; on its 49th step it starts USE, which cycles through 49 positions and
on the 50th step pulses USD so that both ™each a homing positiocn., From the loead
scan during the power run (already described) USA and USB are started by pressing
a button and scan through the eight positions three times over before stopping on

a homing position. These uniselectors can be run continuously by closing a switch,

6.2.5 Cesium injection

At the start of cesium injection a button is pressed which energises RL2,
glving event marks on both ultraviolet recorders and on a recorder used for
arrival of cesium at the lower end of the heat exchanger. This also gives a

common point in time on all three charts.
6.2.6 Cesium flow

The optical transmission of the cesium vapour at the heat exchanger sxit is
monitored by a simple circui*. The large window at this part is tlacked out and
use is made of the iwo small windows in line with each other. A 150 W bulb is
placed outside one, while the other carries a photocell, An OCP 71 phototransistor
was found unacceptable owing to dark current drift. Next a CdS cell (NSL-33 by
National semiconductors of Caneda) wes trisd. This is & specially stable type for
measurement, but its response to falling intensity is slow and it is being replaced
by type 36-P. The cell is connected in a bridge circuit energised by & 1.5 V cell
and the output taken to a 10 mV recorder. Ranges of senaitivity can be provided
by adding resistors in series with the battery.

€.2.7 Galvanometer switching

All the recorder galvanometers are liable to be used for powar measuremsnts,
and panel switches are fitted to direct galvanometers for use in other tests, either
with only a shunt resistor (83X, S4X) or es a fixed range voltueter (81X, §2X).
These switches are only fitted to a few channels; they could be incorporated in the

master switch.
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6+.2.,8 Duct Leakages

The electrical lesakage of the insulating material of the duct is important
and, to take all necessary measurements in the shortest time, & galvanometer in
used in a conventional ohmmeter circuit (Fig. 6.2¢). R is given awitched values
of 10,100, 3300 and 100,000 ohms, while the output leads are switched via
uniselectors USD and USE. The readings obtained are on a non-linear scale, and
it is intended to fit a variable shunt on the galvanometer to set FSD, and to
produce a oalibrated scale in transparent plastic for reading resistance values
directly off the chart. When this system is in use¢, a mask is used to black out
all other galvanometer beams, except one used for registering unisslector drive
pulses, which are picked up by a mutual irnductor T1. At first an 18V batiery was
used, but the results did not correspond with Avo readings acrozs the same points;
is was pointed out that plasma breakdown was occurring. Aczcordingly, the battery

voltage was changed to 1.5 V and a more sensitive galvanometer used.

6.2.,9 Plasma passive slectrical characteristics

Using the same uniselector switching, 110 V a.c. can be applied through &
1 kilhom series resistor; voltage and current sre displayed orn separate galvanometers.
This method gives a very indirect picture of ths actual V-I curve, and it is
intended to substitute a low-impedance sawtooth generator for the 110 V supply.
If current is wmonitored on the recorder the linear voltage rise will make the time

axis of the chart correspend to a voltage axis,

6.2,10 Electrode resistance

Bach of the 36 electrodes consists of a U-shaped loop, and provision ic mads
for connecting both ends of each loop to the rig. When the master switch is set
to 'Temperature' contacts are closed on a bank of relays which pass a current of
about 14 through all the loops in service and also through a 0.2 onm calibrating
resistor. Pressing tke 'Temperature Start' button causes a uniselector to scan
the volitages across all the loops, connecting the upper electrodes in turn to one
galvanometer and the lower electrodes to a tsecond. For such low resistances four-
terminal connections would be preferable, but the arrangement gives some indication
of temperature distribution by recording resistance changes.

6.3 SPECTROSCOPIC TECHNIQUES

Spsctroscopic methods of temperature neasurement seem to be attractive in the
range 1500°K to 2300°K. Preliminary investigations into the spectrum obtained
frou cesium suggest that it may be possible to use cesium lins reversal for
measuring temperature in the duct. Should this be feasible it is proposed to
adopt the optical arransgement used by Hurle, Russo and Hall' whick enables the
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simultaneous emission and absorption of the spectral lines to be determined using
e syatem of matched fitters and photomultipliers, The temperature which will be
measured will probably be the average electron temperature of the cesium plasma
in the duct.

Spectrograms of casiuz from a standard discharge tube and a cesium-seeded
flame have already been obtained and compared., The temperature of the flame was
about 1400°K which is below the level normally atudied in the duct. The spectrum
showed three lines of interest: one in the gresn and two in the blue at 4555 and h595§.
The intensity of the blue lines was much greater than that of the green, as expected
from the cesium line intensities obtained by Schneider et al?’., In the naxt
cesium-seeded operation of the MPD loop it is proposed to examine the duct plasma
spectroscopically to assess the effects of impurities, An axial view will be
taken through the window in the head of the high temperature heater,

64  TEMPERATURE MEASUREMENT DEVELOPMENT

During the operation of the MPD system errors were being introduced in the
.emperature measurements due to losses in the thermocouples. The losses were
mainly attributed to conduction and radiation in the thermocouple, but some error
was probably caused by thermocouple recovery in the high velocity gas stream.

This recovery error was caused by the thermocouple being uneble to follow the high
frequency temperature changes in the wyas stream, the aff'ect being to indicate a
tsmperature between the static and total temperature, A further error was caused
by noise introduced in the thermocouple emf by the same fast temperature changes,
but this may be eliminated by the use of suitable low pass filters.

An Investigation was begun tc find alternative mathods of temperature
measurement, or to develop new thermocouple techniques. Two systems based on
pulsed operation of thermocouples were studied. The advantage of using a pulse
system was that the thermocouple never reached temperatures where conduction and
radiation losses become important. This was brought about by either inserting
and withdrawing the thermocouple from the hot gas at high rate, or by operation
with alternate heating and cooling, The disadvantages of using this type of
thermocovple are less than for a conventional high temperature thermocouple, although
the pulse thermocouple tends to read low with the rise in specific heat of ths
thermocouple material and the recovery error affects ths *hermocouple in the same

way a3 a conventional type.

The first method (the 'intermittent' pulsed thermocouple®) was besed on a
standard thermocouple which was passed through a sclenoid supplied with a

rectangular waveform. A solenoid supplied with a rectangular waveform vibrated
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the thermocougple s¢ that it was n~* immersezd in the hot gas long snough to reach
the temperaturss associated with high conduction and radiation losses., The actual
temperature was then derived from ths heat transfer between *‘he gas and the
thermocouple. The physical size of the systew and the difficulty in determining
the heat transfer data mads it impractical for use in the MPD loop.

The second system was made up from & chromel-alumel thermocouple fitted into
a coaxial tube through which the coolant flowed. The cooling-heating cycle was
controlled by a2 motorired cam and microswitch. When the ccoling was stopped,
the thermocoupls output ross exponentially (Fig. 6.3). Cooling was applied before
radiation and conduction losses became significant. The exponential output was
fed to a thermocouple amplifier and computer circuit which predicted the final
temperature, The limiting factor for the pulsed thermocouple was the signal-to-
noise ratio of the thermocouple emf; when reduced to a certain level instabilities

occur in the computer network.

Wormser and Pfunter* develcped a practical system of pulse ithermometry upon
which the present study was based. Wormser and Pfunter reported that their system
was used to neasure temperatures up to 290000 in an oxy=-hydrogen flame with an
accuracy within 1% of the theoretical temparature. The gas coolant flowed thr- 'gh
a water-cooled jacket directly on to the thermocouple tiv. The construction
originally proposed was modified in the present development to the arrangement
shomn in Fig. 6.4.

This construction tended to increase the time constant of the thermocouple;
creatirg a problem with the computer circuit components particularly when static

gas temperatures were Leing measured.

The computer circuit was composed of six Solatron Operational amplifiers
(Pig. 6.5). The first amplifier,A,, raised the thermocouple emf o & value
suitable to operate the second amplifier.A,, which was connected &s a differentiator,
Amplifier Ay output had to have a large signal-to-noise ratio, as noise fed into
A, resulted in instabilities in this amplifier. A, differentiated the exponential
rise and added the input, giving a steep output equal to the actual temperature.

The theoretical evaluastion of computer operation assumed that the thermocouple

exf was of the form

Vo = VO + Vv, (1 - e T)s ceees (641)

immediately after cooling was stopped at time t = O.

TO’ TA angd TT (Pig. 6.6) wmere rep. asented by VO, VA and VT respectively,

where
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VO = the cooled thermocouple emf st t = 0,

VA = the final value of the exporential emf riss,

Vé = the final thermccouple emf', i.e. VO + VA &t t = oo,

t = time from ¢ = 0, and

T = the thermcccuple time conatant, defined as the time taken for the

thermccouple exponential emf rise tc reach 0.632 v,

The transient response of the amplifier A; reaulted in an cutput

R in
= —i C neesee .
Vout = Vin Ry = at v R (6.2)

Substitution of equaticn (6.1) into{5.2) gives

-t/ a[v.+v, (1-e )]
voutl:vo +V, (1-e ’)_J}%:- y—0 A Co Ry weeee (6.3)

it
Solving:
4
R R R -t/r C«R -t/T
= o 8 -4 .. —A et o7

Vuut VO R3 * VA R3 VA R= e + VA T = teone (601#)
It was arranged that:

Ry &

R3 - 1 es e (6Q5)
and CiRy =7 veens (6.6)
Therefcre ‘t/T -t/T ’

vout = Vo + VA o VA e + J'A e ceecee (D.?)
V = v + v »s 000 (6‘8)

out Q A
This was the output of amplifier A; and was equal to the thermocouple output at

t =

-t/

Equation (6.1) stated V VotV (1~ )

1]

T

- - -0

Let t = oo, then VT‘V0+VA(1 e )
V., =V_+ ¥V
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This signal, in terms of veoltages, was fed inte the input of the third
amplifier A;. A large capacitor, C,, wus placed across the input and charged up
by amplifier A; to a v, ga (Vo + VA)' At the end of the heating cycle the
circuit between amplificrs A; and A; was broken by Rl ,, with this voltage still
across C;. This voltage was retained at the input of amplifier Ay by having a
large resistance, Rs, in aeries with the first grid of the amplifier so making the

discharge time of C; large.

Dick® and McKensie® stated that T was dependent on the physical size of the
thermocouple, the velocity or flow rate of the hot gas, and the magnitude of the
step increase a thermocouple was responding to. The effect of R,Cy being larger
or smaller than 7, equation 6.6, was to give an output at amplifier A, larger or
smaller than V, + V,. This error tended towards V, + V, with time (Fig. 6e7)e
To enable the RCy value to be changed and the Ry = Ry relationship, equation 6.5,
to be maintained, two ‘'‘ganged' varisble potentiometers were used. To obtein the
optimum conditions automatically, the output of anplifier A, was differentiated by
amplifier A;. The second differentisl of *the thermocouple emf gave ths rate of
change of the slope and sc the change in 1,

dv
—A
For emplifier A,, Vout =Tt CsRg

where V_ . W43 given by equation 6.4 and R, = R,

_a [, Cvoe Tty . Gike
Vout "3t [ oty Va® (1 T ):]C3R°
, . R Y C,R
] = <l DR - =13
vout T VA © (1 T )
When C4R, > T, vout > VA
C4Ry < 1, vout < VA
C1R‘ =T, vout =0

The output of amplifier A, was fed to & servo-amplifier unit A4 which drove
the two variable potentiometers Ry and R, to a position where Ry = R, and CyR,=r.
Under these conditions the second differential of the thermocouple emf was zero.
By a system of relays (Fig. €.8) this operation was timed to take place during the
cooling cycle, as movement of R; and R, during the heating cycle introduced
instabilities. The servo-amplifier unit Ag introduced a great deal of noise into

the system and sc an integrator A was connected between amplifiers A, and Ag.
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Amplifier Ag was suitably switched to operate during the heating cycls,

Up to the present time, only amplifiers Ay, A, and A, have been successfully
used a5 it has not been possible to eliminate all the instabilities in amplifiers
A,, As and Ag. The circuit uscd was sufficient to measure temperatures when 7

did not change rapidly and this was done, although soms inaccuracy probably occurTeu,

Two sizes of thermocouple were investigated (Fig. $.9); the larger is 0.062 in.
diameter mineral insulated wire type and the smaller a (.04 in. diameter mineral

insulated wire type.

Under static gas conditions, T varied considerably with temperature, Fig.6.10.
The value at T was large for the 0,062 in. thermocouple, i.e. =« 0,110 sec at
30000. This large value of T required large CyR, values for amplifier A,. The
type of amplifier usad was not suited for very large component values such sas these.
With a valus of Ry > 5 Mohm, withcut noise, the amplifier was unsteble, and even
with this value a large Cy was required i.e. 22uF which created overloading problems
in the amplifiers., The 3ystem was calibrated up to SOOOC, using manual adjustment
for v = C4R, conditions. The repeatability was goocd, but the instabilities in
amplifier A, created oscillation about the V
difficult.

ot VA output, making accurate calibration

The use of the 0.04 in. thermoccuple reduced r by a factor of two at 50000,
and at 800°C T was approximately 20 sec.

From Fig. 6.10 it was seen that r fell with increasing tempsrature and from

this trend the required CyR, should be of realistic values at temperatures above
0
1000°C.

Only preliminary tests have been carried out with flowing gas to deteruine the
magnitude of r. Using an ordinary gas torch, 7 was 50 sec at SOOOC and 12 sec at
1100°C (Fig. 6.11) tor the 0,062 in. thermocouple. Again it was assumed that as
the temperature rose asbove 1000°C the value of T would reduce even further. This
reduction of 7 and C;R, would give increased stability and reduce the tendency for

2025

amplifier A, to overload.

A more stablu aystem should be developed, perhaps by using ssrvo-differentiators
is they were found to have any advantages. It is proposed to extend the range of
measurement to at least 2000°C under fiow conditicns, and also with static gas if
feasible. The high value of 7 was still troublesome and therefore a new design
of coolant tube, to reduce 7, is to be considered; with this reduction in r
achieved, the instabilities in ampiifier A, would probably be eliminated. The
feasibility of using one computer system for several thermocouples is also to Ve
studied.
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FUTURE PROGRAMME

by
B.C. Lindley

As intimated in the previous Technical Summary Report (IRD 64-36), e
continuing two-year programme of research is envisaged, following the successful
teckhnological development which led to the first cesium-seeded operation in
March 1964. Much of ths value of the data obtainable in subsequent operstions
depsnds upon ability to obtain the f1 w parameters with reliable accuracy and te
eliminate the leakage currents due to electrically-conducting layers on the MPD
duct walls, Convenience of operation of the facility will depend on success in
develcping methods of separating cesium from heliuvm, a problem which is important
in a number of practical connepts of MPD gensrator.

Details of the range of parameters over which data on plasma behaviour and
MPD power extraction are to be obtained were given in Section 1.2 of IRD 64-36.
A somewhat greater emphasis will be placed on electrode processes since it is
believed that these represent an ultimate limitation on specific power: ourrent
densities measured to dzie have been up to a few hundred ampy/m? ard in large-scale
systems two orders of magnitude increase may be necesrary.
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CHAPTER 8

MICROWAVE STUDIES OF NON-EQUILIBRIUM PLASMA

by
J.H. Harris and D, Balfo.r

8.1 GENERAL

The microwave cavity experimert was originally suggested as & means of
studying photoionization and recombinaticn in cesium and oesium-helium mixtures
in relation to the possibility of increasing the afficiency of MPD generators by
using ultra violet radiation to induce non-equilibrium ionization. This remains
the long-torm objeotive but in testing this experiment, in understanding the
behaviour of the microwave bridge and in calibrating the response of the bridge it
was advantageous to use eleotrical discharge pulses to create the ionisation.
Using a discharge tube it was possible to cut off the electrio field in a few
mioroseoonds and then study the loss proceases ocourring in the afterglow of the
discharge.

The information whioh this experiment can yield on the decay processes in
cesium-helium mixtures is of very great importance to MPL generation in that the
degree of ionization, and henoe the electrical conductivity attainable in an MHD
generator under non equilibrium oonditions, is limited by the rate of loss of
ionigzation, The loss processes include diffusicn, recombination and attaokment.
The diffusion luss may be small in a genarator, and, while attaohment tc cesium
nnd helium may be negligible, attaohment to impurity atoms may be significant,

A small quantity of oxygen for example could make attachment the dominant loss
mechanism., Most theoretioal papers on generator performance have oonsidered
recombination as the only loss process eand in partiocular have used values of
recombination coefficient of ~ 10”'® am®/ion seo appropriate to a three-body process.
However, at lower temperature, dissociative recambination may be more important and
the value of 10™% am®/ion sec measured by Biondi and Brown'was asoribed to this
process. The uncertainty of the recombination mechanism and the very sensitive
dependance of three-body reocombination on temperature call for accurate measurements
of the reoambination coefficient.

A1l of these loss processes can be studied in the existing experiment. 8o
far the pressure and degree of ionisation have showr diffusion to be the essential
loss process; measursments have been made of the mobility of ocesium ions in oesium
vapour. The ionization and prcssure can be adjusted to enable reoombinstion to
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be more important and the measurement of recombination of cesium will be the next
stage in the experimental programme. A further atage will be the introduction of
impurities to mesasure attuchment probabilities.

8.2 HMICROXAVE BRIDGE

The previous Technical Sumamary Reports (RD 63-1 and 64-36) describe how a
steel ocavity was designed and constructed to operate in the TM;,, mode at a
resonant frequency of approximately 9000 mc/sec with a quartz tube inserted along
its axis. The zavity was incorpcrated in a microwave bridge circuit (PFig. 8.1)
or frequency discrimirator, where a change in rescnant frequency of the cavity
results in an out-of-balance signal.

Tests on this bridge were made usin~ the lorization produced in an electrical
discharge in air between tungsten electrodes sesied in the ends of the plasma tube.
The first type of dischavge to be used was prcduced by half-wave rectifiad
alternating high voltage supply. This gave results of the type illustrated in
Pig. 8.2 where the top trace shows part of one cycle oi the current flowing through
the discharge tube, and the bottzsm truce gives the out-of-balance signai. A agjuare-
wave modulation of 1000c/sec was applied to the klystron signal in this early set
of measurements and both traces are displayed with time ploited horizontally. < ==
interesting feature of Fig, 8,2 is that over tL. region whers the c - ent is
inocreasing, the bridge cignal first grows rapidly, passes through a maximum and then
slowly decrnases.

8.3 BRIDGB THEORY AND CALIBRATION

A theory of ths sotion of the bridge (Fig. 8.1) was developed to explain these
features, where the bridge has been adjusted initially so that in exrm & the signal
C reflectod from the cavity leads the signal P reflected from the short-circuit
plunger by 90° but in arm B the signal C lags 90° behind the signal P. This is
illustrated i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>